related, [2] functional, bioinspired organics could be optimized for on-par efficient heterogeneous catalysis. [3] Currently, an enormous effort is put in developing new electrocatalysts, however, many studies still rely on transition metals [4] (mainly phosphides, [5] nitrides, carbides, [6] oxides and sulfides [7] thereof), metal organic frameworks and di-, tri-, and tetrachalcogenides. [8] A rapid movement toward metal-free catalysis is highly coveted and is considered as one of the key aspects in sustainable energy. [9] Hence, to meet the criteria of a good hydrogen electrocatalyst, i.e., having a low binding energy for hydrogen (ΔG H* ), providing high exchange current densities (i 0 ) and low Tafel slopes is a major challenge. [1a,10] In this work we introduce guanine as one attractive potential molecular electrocatalyst for the hydrogen evolution reaction (HER). We hypothesize that activation of all the conjunct pentaamino functions in the nucleobase can lead to an electrocatalyst that possesses an active site surface density equal to the presently used noble metals. [1a,b,7a,b,10a] However, the guanine nucleobase is a small molecular system that is electrically insulating and soluble in water. [11] In order to enable its utilization as heterogeneous catalyst, we sought to polymerize guanine and as such create an insoluble, amino-functional and electrically conducting biopolymer.
Introduction
To date, the production of hydrogen is fossil-based and relies mainly on steam-reforming of natural gas. In order to transfer hydrogen to a carbon-neutral energy carrier, it has to be electroconvertible using abundant and inexpensive catalyst materials. [1] Instead of commonly used platinum, rhodium and biopolymers such as polydopamine have shown tremendous activity as electrocatalysts. [3a,13] The polymerization process we applied for guanine bases on an oxidative coupling mechanism. Therefore, the monomer is vaporized and reacted with an oxidant at elevated temperatures (oxidative chemical vapor deposition, oCVD). [13] The oxidative polymerization earlier reported for aniline is adopted here for guanine, however, we modified the process as the nucleobase is a solid and possesses a sublimation point at 360 °C (at ambient pressures). At the same time we had to balance the reactivity of the oxidant in order to suppress the unwanted oxidation of the (nonterminal) amino-sites. [13] We found sulfuric acid as ideal agent, since its moderate oxidation power (e.g., as compared to frequently used agents such as bromine) and its acidity aid the desired terminal amino-carbon coupling and in parallel deactivate the (catalytic) nonterminal amines. As such, we report a quantitative synthetic preparation of protonated conducting ePG by oxidative vapor deposition. The structure determination by Fourier-transform infrared spectroscopy (FTIR), X-ray photo electron spectroscopy (XPS), and NMR as well as the electrical characterization reveal fingerprint characteristics of ePG which are: i) insolubility in water, ii) increase of the electrical conductivity, iii) infrared-activated vibrations, and iv) the structural conformity of a macromolecule. We deposit ePG directly on carbon felt and showcase the selective electroreduction of protons to molecular hydrogen in acidic electrolyte solution.
Prior, PANI was investigated in the literature with great interest due to its high electrical conductivity upon doping with acids. [12, 14] We demonstrate that proton doping is also possible in (conducting) emeraldine-polyguanine. Based on that we used trifluoromethanesulfonic acid solution (TfOH) as electrolyte to study the electrocatalytic HER. Besides conductivity, TfOH represents a stable and nonreacting (weakly-coordinating) electrolyte system. Here, the proposed HER process can be divided into the adsorption and recombination steps. First, the protons from the acidic solution are adsorbed to the catalytic sites of the ePG electrode. In the following, the atomic hydrogen adatoms recombine to evolve H 2 . [15] The electrocatalytic performance of ePG reaches a Tafel slope of 79 mV dec −1 at 290 mV overpotential (at 10 mA cm −2 ), enhanced by a factor of 4 as compared to polyaniline. We assign the increased activity to the multifunctional sites in guanine leading to the hypothesized aiding character of amino-associated protons as combined dopant and reactant.
In summary, ePG renders a robust and selective hydrogen electrocatalyst. We conclude with further discussing the power of utilizing the strong amino-functionality in the nucleobase (five conjunct-conjugated amino-groups), so that theoretically the catalytic density can ultimately equal the surface kinetics of platinum. [11, 12, 14, 16] 
Results and Discussions
In this work, we demonstrate the utilization of proton-doping in combination with hydrogen catalysis employing the nucleobase guanine. We present its polymerization using a modified chemical vapor deposition (oCVD) technique, where we apply sulfuric acid as combined oxidation and protonation agent. The united polymerization and protonation was found to direct the synthesis toward a homogeneous conducting polymer (i.e., the polymerization relies on oxidative coupling of the terminal amine and imidazole CH ( Figure 1 ). Particular the moderate oxidation power of sulfuric acid and in parallel occurring protonation of the amines help to conserve the multi ple amino functions by suppressing their unwanted over-oxidation. [3a,12-14] We confirm the formation of ePG salt by structural FTIR, XPS, and solid-state NMR spectroscopy.
The XPS revealed a structural conformity of the ePG formed (Figure 2) . We first concentrated on the differences between the monomer and the polymer, particularly in the C 1s and N 1s features. The elemental concentrations of the guanine reference (monomer) fit the expected values from literature. [17] Basically, the C 1s peak of the guanine can be fitted with five peaks of equal area (one for each carbon species). Since the carbons C4 and C8 have a very similar binding energy (BE), we combined them in one peak with twice the area (Figure 2a ). Similarly, the N 1s spectrum of the monomer reference sample shows two distinct species, which have been attributed to imino-(lower BE) and amino-nitrogen (higher BE) (see Figure S2 , Supporting Information). [17] We used the BEs from the monomer as reference for evaluating ePG (Figure 2b ). Based on the proposed polymerization reaction we expected a transformation of the C8 carbon into one that has a similar BE as C2. Indeed, the C 1s spectrum of the polymer sample shows a pronounced increase in intensity in the Adv. Mater. Interfaces 2019, 1901364 Figure 1. Proposed polymerization pathway of protonated conducting biopolymer-emeraldine-polyguanine (ePG). We suggest a reaction mechanism of the oxidative polymerization: initialization by protonation of guanine, the oxidation leading to a mesomeric radical and its subsequent polymerization. The ultimate result is the emeraldine-polyguanine (a conducting analog of the emeraldine salt of polyaniline).
BE region of C2. Also the N 1s spectrum of the polymer exhibits a slightly higher intensity at higher BE as compared to the monomer reference, which explains the decrease of the iminoin favor of amino-functionalities. In addition, we elucidated the BEs of the sulfur 2p peak, as well as the distance between the S 2p and the O 1s peaks that suggest the presence of sulfate as the counter ion in the polymeric structure. However, the elemental ratio of S:O (SO 4 ) was slightly below the expected 1:4. Again this could be attributed to side reactions involving nitrogen (see Figures S4-S7, Supporting Information).
To confirm these XPS structural findings, we employ complementary high-resolution 1 H-, 13 C-, and 15 N-solid-state NMR spectroscopy to discriminate between the monomeric and the polymeric structure. [18] We show the 1 H−[ 13 C, 15 N] crosspolarization magic angle spinning (CPMAS) spectra of ePG (Figure 3b,d) that reveal an increased chemical shift dispersion and an increased line broadening compared to the monomer guanine (Figure 3a, c) . This relates to a classic formation of a polymeric structure due to enhanced relaxation times and are in agreement with the earlier results on the XPS.
We also used FTIR spectroscopy to elucidate the structural variety in ePG. In particular, we were interested in the structural changes induced by the new oxidative chemical vapor synthesis. To examine this, we first measured the guanine monomer powder (Figure 4) .
The FTIR spectrum of the guanine powder is in agreement with the literature values. [19] In contrast, the FTIR spectrum of the ePG is distinctively different: i) it reveals broad polaronic bands between 3536 and 2854 cm −1 that partly also overlap with hydrogen-bonding pointing at the formation of a conducting poly mers (similar to PANI-emeraldine) and ii) additionally, the presence of free charge careers is indicated by the intense infrared activated vibrations (IRAVs) in the region between 1070 cm −1 and 840 cm −1 . IRAV bands represent a fingerprint feature of the electron-phonon coupling in all conducting polymers (as results of oscillator enhancement in the MIR). [20] The sharp peaks between 1643 to 1257 cm −1 , attributed to the stretching vibrations of imine, amine and carbonyl features, respectively.
The as-formed macromolecule possesses an intrinsic electrical conductivity of 10 −6 S cm −1 at 300K (Figure 5) . We measured this value in ePG films using the van der Pauw geometry in dry helium atmosphere. At ambient conditions, and particularly after treatment with acids (e.g., sulfuric acid and TfOH), the conductivity rises. Thus, analogous to PANI, the conductivity depends strongly on the acidity of the environment. While in vacuo the nonprotonated emeraldine-base is highly insulating, exposure to different acids increases the conductivity by several orders of magnitude reaching ultimately 1 × 10 −4 S cm −1 in TfOH. We show that there exists a relation between acid strength (hence protonation quantity, pKa) and the electrical conductivity ( Figure 5 ). The electrical conductivity of ePG, however, is in general below PANI, but this may not affect directly its electrocatalytic HER activity, which we find superior due to functional improvement in its structure.
The HER activity of ePG coated carbon felt (CF) electrodes we tested at room temperature in an H-cell configuration, and plotted the polarization scans all referred to RHE potential values (Figure 6a) . The reference electrode Ag/AgCl (3 m KCl) is calibrated using reversible hydrogen electrode, accordingly (see Figure S9 , Supporting Information) and the onset potential of +197 mV versus SHE is taken into account for the conversion into RHE potential values (Equation (1)) 0.059pH
In Figure 6b , the HER overpotentials for Pt, ePG, and PANI are shown as a function of the logarithm of the current density to derive the Tafel slope. Qualitatively, it is seen that the Tafel slope of PANI (166 mV dec −1 ) is significantly above that of ePG (and Pt). The kinetic activity of ePG (79 mV dec −1 ) is substantially enhanced. We attribute the superior performance of ePG to the fact that the different predominant amine groups in the biopolymer chain get protonated and thus exhibit a greater electron affinity toward the hydrogen evolution reactions, while PANI only contains one (terminal) amine leading to lower functional density. Note that the electrocatalytic performance of emeraldine-polyguanine is promising, however, yet under-developed as compared to the state-of-the-art metal HER catalysts. [1a,b,7a,b,10a] The novelty of this study is associated to the introduction of a new, organic, metal-free, emeraldine analogous electrocatalyst, first time synthesized through oxidative chemical vapor deposition. We show that proton-doped polyguanine improves the electrochemical hydrogen evolution in acidic media, where the optimum balance in terms of electrical conductivity, catalytic activity and reduction stability is found. The electrocatalytic performance is comparable to molybdenum [1a,b,7a,b,10a,21] revealing a Tafel slope as low as 79 mV dec −1 and an overpotential of 290 mV at 10 mA cm −2 Faradaic current demonstrated in a 140 h continuous hydrogen electrolysis (see Table S1 , Supporting Information).
We find the Tafel slope for platinum foil surface is in agreement with those reported in literature. [4c,6c,7c,d,21,22] Further, the Tafel slope is used in order to extract the exchange current density J o for ePG. Hereby, the J o value is compensated by the actual electrochemical active area, determined through electrochemical impedance measurements (see Table S2 , Supporting Information) as 18.73 cm 2 (see the Supporting Information). The exchange current density J o for ePG results in 3 × 10 −6 A cm −2 (see Figure S10 , Supporting Information). This value positions emeraldine-polyguanine between molybdenum and cobalt in exchange current density (Figure 6d ). [1a,b,5b,7a,b,10a,21] Interestingly, the electrochemical stability is especially crucial for the organic and biological systems in extreme and harsh acidic conditions. To test the long-term stability of the PG samples studied in this work, we conducted constant potential electrolysis at −290 mV versus RHE for 140 h. Based on the representative chronoamperometric scans (Figure 6c ), we find extensive durability for ePG HER electrocatalyst, even after 140 h of continuous operation.
We finally crosschecked emeraldine-polyguanine deposited on carbon felt electrodes by the scanning electron microscopy. As shown in Figure 7a , before constant potential electrolysis Adv. Mater. Interfaces 2019, 1901364 Figure 6 . Electrochemical characterization including a) polarization scans recorded at 10 mV s −1 , b) Tafel plots, in which the overpotential is plotted as a function of log (j) for Pt, ePG, and PANI systems, c) constant potential electrolysis at −290 mV versus RHE using graphite rod as counter electrode for 140 h of operation, d) comparison of emeraldine-polyguanine: the logarithm of exchange current density with catalytic metals and polyaniline reveals a position between molybdenum and cobalt for ePG. [23] Figure 7. SEM images of emeraldine-polyguanine deposited on carbon felt, a) before and b) after constant potential electrolysis at −290 mV versus RHE. the fiber networks are widely covered by ePG, so that the electrocatalyst infiltrated into the sponge-type supporting electrode. After the long-term stability experiment it can be seen that the ePG catalyst still remains on the CF fibers ( Figure 7b ) with some less dense regions on the CF electrode.
Conclusion
In this study, we show the utilization of an alternative biopolymer, derived from guanine, one of the building blocks of the DNA macromolecule, as hydrogen cathode for HER electrocatalysis. We have synthesized ePG from the vapor phase using the oCVD and achieved the polymerization and the oxidative doping of the resulting polymer in a facile single step reaction from the vapor phase of the guanine monomer with sulfuric acid. As compared to PANI, one of the well-known conducting polymers, we find analogies in structure and conductivity increase by proton doping. Our results suggest the fact that the prevalent amines in ePG get protonated and thus have superior electron affinity to accelerate the hydrogen evolution steps in (H + + e − → H ADS ) and (H ADS + H ADS → H 2 ) reactions.
Indeed, paired with HER electrocatalyst performance (Tafel slope of 79 mV dec −1 at an overpotential of 290 mV at 10 mA cm −2 ) and a stable operation of 140 h in a strong 1 m TfOH, emeraldine-polyguanine demonstrates promising abilities as an alternative biopolymer electrocatalyst for the future.
Experimental Section
Synthesis: oCVD was used for the deposition of ePG directly on CF (10 mm × 10 mm, SGL Group, The Carbon Company) (Figure 8) . These electrodes were applied in electrochemical studies. For conductivity measurements sapphire substrates (10 mm × 10 mm × 0.5 mm, CrysTec Kristalltechnologie) were utilized with Cr/Au (8 nm/80 nm) electrodes in the van der Pauw geometry. All substrates were treated with acetone, isopropanol, Hellmanex-detergent (Hellma, 70 °C), and deionized water prior usage. Chromium/gold electrodes were deposited by physical vapor deposition through a shadow mask. For the ePG-synthesis, guanine (Sigma-Aldrich) was dried 15 min at 100 °C. For the polymerization oxidative chemical vapor deposition technique was used. The equipment consisted of a tube furnace (Nabertherm company; glass tube length: 110 cm; tube diameter: 5 cm). In zone 2, the temperature was set constant to 360 °C in order to evaporate guanine. Nitrogen (3 L min −1 ) was used as carrier gas in a laminar flow. The entire process was carried out at atmospheric pressure (1 atm). In zone 1, sulfuric acid (95-97%, J.T. Baker) and sodium sulfate (≥99.0%, Sigma-Aldrich) were prepared. Upon heating up to 240 °C, the acid was vaporized and immediately reacted with the gas-phase guanine. The desired substrates were placed in between zones 2 and 1 so that the emeraldine-polyguanine deposition could take place.
Electrochemical Characterization: For the electrochemical characterization the electrodes were immediately installed as working electrode. The as-prepared ePG, PANI, and blank carbon felt electrodes were electrochemically characterized for hydrogen evolution using an H-Cell configuration (see Figure 9) . Electrochemical experiments were conducted using a JAISSLE Potentiostat Galvanostat IMP 88 PC. Carbonfelt electrodes (and the catalyst coated electrodes) were set as working electrodes, Ag/AgCl (3 m KCl, +197 mV vs SHE) was set as reference electrode and graphite rod (Alfa Aesar, 99.9995%) as counter electrode.
Long-term chronoamperometry experiments were conducted by using graphite rod as counter electrode to prevent potential contamination with platinum on the working electrode. 1 m TfOH (98%, Sigma-Aldrich) was used as electrolyte solution (pH ≈ 0). Distance was maintained deliberately from sulfuric acid, considered as the standard HER solution, to achieve superior stability and avoid possible side reactions. Hereby, a quantitative Faradaic yield of almost 100% hydrogen was attained, as detected by gas chromatography. For comparison, the CV and chronoamperometry scans in 0.5 m H 2 SO 4 are provided in the Supporting Information (see Figures S12 and S13, Supporting Information).
The anodic and the cathodic compartments of the H-cell were separated by a diaphragm. Before chronoamperometry, the sealed compartments of the cell were purged with N 2 gas for 1 h. All results are given relative to the RHE.
Adv. Mater. Interfaces 2019, 1901364 Figure 8 . Nabertherm Tube Furnace for oxidative chemical vapor deposition of guanine. The guanine monomer is placed at zone 2, the sulfuric acid at zone 1, and the substrate in between zones 1 and 2. Cyclic voltamogram scans (10 mV s −1 ) and chronoamperometric scans were conducted under stirring conditions of the electrolyte solution in the cathode space by 300 rpm. A sealed compartment was used to frequently control the quantitative H 2 yield, using a TRACE Ultra Gas Chromatograph equipped with a thermal conductivity detector (TCD) . No other side-product was found in this system. [3a,24] 
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